Abstract. Treatment of deoxycorticosterone with reagents that abstract a hydrogen atom from the C-21-hydroxyl group leads to the formation of androsta-4, 16-dien-3-one. In vitro incubations of [1 ,2-3H ]deoxycorticosterone with homogenates of boar testis tissue produce the tritiated dienone. This reaction can be formulated as an abstraction of hydrogen from the C-21-hydroxyl group to form a C-21-alkoxy radical, followed by a 1,5-H shift from the C-16 atom and fiscission of the C-16-alkoxy radical leading to the loss of a C2 fragment (C-20 and C-21) with the formation of the double bond between C-16 and C-17.
The original isolation of two nonpolar C19-Al6-steroids from boar testes2 (I, II in Fig. 1 ) was followed by the identification of a third such compound in boar fat3 (III). Three more C19-rA6-compounds have been tentatively identified (IV4,6, V4,6,7, V15). These metabolites have also been found in boar submaxillary glands8 (II), saliva8 (III), spermatic vein plasma7 (I, II, III, V), and urine7 (I). Adult human urine contains the 3a,5a compound in amounts ranging from approximately a few hundred micrograms per day to 2.5 mg/day9-12 and still larger quantities have been found in the urine of patients with virilizing adrenal tumors.6' 13-15 Peripheral plasma also contains the 16-ene-steroid, VI.5 These unusually constituted steroids have aroused interest for two reasons. First, IV. 5#-androst-16-en-3a-ol; R1 = ... OH, R2 = -H V. Androsta-5,16-dien-33-o1; R =-OH,R2= I, (6) VI. Androsta-4,16-dien-3-one; RI = =.0 R2 = A4(5) most of the compounds have strong odors, a property not usually associated with steroids. Five of the compounds (I, II, III, V, VI) have intense, musk-like odors and there is good reason to believe that some may serve as sex attractants or pheromones as they seem to do in pigs.16 The 16-dehydroprogesterone18, 17a-hydroxyprogesterone18, 1 6a-hydroxyprogesterone2 ,26, and 17a-hydroxypregnenolone.2' This paper offers our view of the mechanism by which these C 9-A'6-compounds arise. The idea had its origin in experiments, reported in a previous paper,' that were designed to obtain evidence that some of the intermediates involved in the biosynthetic pathways by which the steroid hormones are produced are steroidal free radicals or behave like these reactive species.
When 20a-hydroxycholesterol-3-acetate was treated with lead tetraacetate, a reagent known to abstract hydrogen atoms, the product formed in good yield was pregnenolone. An explanation of the finding was based on the assumption that a C-20-alkoxy radical, made by abstraction of the hydrogen atom from the C-20-hydroxyl group, fragments by 6-scission between C-20 and C-22 and yields the C2,-ketone, pregnenolone. Thus the result of the experiment was considered to lend support to the possibility that alkoxy radicals are involved in the biosynthesis of steroid hormones from cholesterol. The presumption was that, when oxygen reacts with a steroid in the presence of the appropriate enzyme system, a transient species having the properties of an alkoxy radical may result. In accord with the known characteristics of such intermediates, they either can abstract a hydrogen atom from some cellular -constituent (as in the process of hydroxylation), or can fragment by ,8-scission (to yield other products).
This work is relevant to the origin of the C19-A'"-steroids for, if alkoxy radicallike species are intermediates in oxygenation reactions, their participation in the biosynthesis of the 16-ene-compounds from pregnenolone or progesterone can easily be envisioned. During the process of oxygenation of the C-21-methyl group, the postulated C-21-alkoxy radical can react in another characteristic way: it can abstract a H. intramolecularly from an atom five atoms away from the free electron (Fig. 2) . Such a "1,5-hydrogen shift" would yield a C-16-alkyl radical which could fragment by #-scission. Cleavage between C-17 and C-20 would result in the loss of the two-carbon side-chain and in the production of the C19-A'16-olefin.
Since it is not possible to test this hypothesis with alkoxy radicals as starting materials, deoxycorticosterone was used in the present investigation in both chemical and in vitro studies. Treatment of this steroid with a variety of hy-PROC. N. A. S. 2. Postulated free-radical pathway for the conversion of pregnenolone (or progesterone) into deoxycorticosterone and the C,9-A16-steroids. Also shown is the suggested route by which deoxycorticosterone was converted in the experiments described in this paper into a C19-A10-steroid.
drogen-abstracting reageAts or with NOCI (to form the C-21-nitrite, which was then photolyzed) yielded androsta4,16-dien-3-one in each case. The dienone was identified by its odor and by its infrared and mass spectra.
In an effort to produce the required alkoxy intermediate under in vitro conditions, deoxycorticosterone (labeled with 3H at C-1 and C-2) was incubated with a homogenate of boar testes. Tritiated androsta4,16-dien-3-one was easily isolated as its semicarbazone, thus revealing for the first time that deoxycorticosterone could serve as a precursor of the A16-metabolite and lending additional support to the suggestion that alkoxy radicals are intermediates in the oxygenation of steroids.
Materials and Methods. Adsorption chromatography was performed on Woelm. neutral alumina, Grade III (Alupharm Chemicals). L1,2-3H deoxycorticosterone (1 mCi; 0.011 mg) was obtained from New England Nuclear Corp. and was purified by partition chromatography on 30 g of Celite27 using the system hexane-t-butanol-methanol-water 500:225:225:175. Dichloromethane-acetone 85:15 was the developing solvent for Silica Gel GF plates impregnated with 20% AgNO3 (Analtech Inc.). Benzene-ethyl acetate 5:1, was the solvent system for chromatography on Silica Gel GF plates on which the Rf of androsta-4,16-dien-3-one was 0.42; of androsta-5,16-dien-3i3-ol, 0.28; and of deoxycorticosterone, 0.082. Compounds on thin-layer plates were detected under an ultraviolet lamp and by phosphomolybdate spray.R8 C9-rA16-steroids are surprisingly volatile and their loss was kept to a minimum by evaporating solvents at room temperature or below.
Preparation of androsta-4,16-dien-3-one: The dienone was prepared from dehydroisoandrosterone-3-acetate following the work of earlier experimenters. The 17-cyanohydrin and the corresponding 16-ene-17-nitrile were prepared by the procedures of Butenandt and Schmidt-Thome. 29 Instead of employing the conditions of Meyer10 for the vigorous hydrolysis of the unsaturated nitrite, the suggestion of Campbell3' was followed. The nitrite (5.65 g) was dissolved in 150 ml of glycerol containing 24 g of KOH and the solution was heated under a reflux condenser at 1750C. After 20 hr, the evolution of NH3 had ceased. The product, 33-hydroxy-androsta-5,16-dien-17-oic acid, was obtained by the usual work-up and weighed 4.89 g. Androsta-5,16-dien-3fl-ol was prepared by the decarboxylation procedure of Sondheimer.32 The method of Djerassi33 was used to convert the 33-hydroxy-5-ene steroid into the a,j#-unsaturated 3-ketone.U Reaction of deoxycorticosterone with lead tetraacetate: 1.2 g of deoxycorticosterone (mp 137-1380C) was dissolved in 180 ml of benzene and about one-third of the benzene was distilled to eliminate traces of water. After the solution had cooled, 3 g of lead tetraacetate and 600 mg of CaCO3 were added, and heating was continued for 67 hr. The mixture was cooled, an equal volume of benzene was added, and the inorganic salts that formed were removed by filtration. The filtrate was washed with 5% KI in 10% Na2S203 and then with water. The organic phase was evaporated in a flash evaporator; the residue (1.3 g) was purified by chromatography on a 50-g alumina column. Development was carried out with 200-ml portions of benzene-petroleum ether 1:3, benzene-petroleum ether 1:1, and benzene alone. The musk odor was detected in the benzene eluent. All fractions were tested on Silica Gel GF plates against standards of deoxycorticosterone and authentic androsta-4,16-dien-3-one. The fractions containing material with the mobility of the 16-ene-compound were rechromatographed on 20 X 20 cm Silica Gel GF plates with the authentic dienone run on parallel strips. The zone between standards of the dienone was outlined under an ultraviolet lamp and removed by scraping. The desired compound was eluted with acetone and recovered by evaporation of the solvent. The dried extract, which smelled strongly of musk, was partly crystalline. Its infrared spectrum was found to be almost, but not quite, the same as that of the authentic compound. The peak at 715-720 cm-' (out-of-plane cis-H deformation at C16 = C17)34 was weaker than that of the standard compound, and other bands in the spectrum of the isolated material appeared to be shifted slightly from coml)arable bands of the standard. The peaks expected at 3055 cm-' and at 3043 cm-' for the C-H stretching vibrations characteristic of the 16-ene and the 4-ene double bonds, respectively, were present. The sample from the lead tetraacetate experiment exhibited a mass spectrum containing two intense peaks at m/e 272 and 270.19803. The latter was identical with the parent peak of the standard. The calculated molecular weight for androsta-4,16-dien-3-one is 270.19836. The prominent ions of the dienone appear at m/e 255, 228, 185, 147, 146, and 124. Although the principal peaks in the low mass range were essentially the same in both spectra, the presence of an impurity was revealed in the spectrum of the reaction sample in the higher mass fragments. The pattern of peaks at m/e 230, 187, 149, and 124, as well as the intense ion at m/e 272, are characteristic of androst-4-en-3-one.35 The unsaturated compound was easily separated from the saturated contaminant on AgNO3 impregnated Silica Gel GF plates;M6 migration of the Al6-compound is retarded because of the complex formed with AgNO3. In this system, androsta-4,16-dien-3-one has an Rf of 0.23 while the saturated ring-D compound has an Rf of 0.60. Extraction of the more slowly moving, UV-absorbing area with acetone yielded 1.6 mg of pure 16-ene-compound, the infrared spectrum of which (in CS2) was superimposable on that of the authentic sample. Similarly, the mass spectra of the two samples were identical. Hydrogen abstracting agents other than Pb(OAc)4 (cumene hydroperoxide, t-butyl hydroperoxide, phenylazotriphenylmethane) or photolysis of the C-21-nitrite'7 can also effect this transformation. Approximately 20 g of fresh boar testis was homogenized at 5C in about 40 ml -of 50 mM Tris HCl buffer, pH 7.4 containing 0.25 M sucrose. The nuclear debris was removed by centrifugation at 600 X g for 10 min at 50C in a Sorvall Model RC 2-1B centrifuge. The volume of the supernate was adjusted with buffer to 40 ml and the supernate was then warmed in a 370C bath for 10 min. The homogenate was poured into an Erlenmeyer flask which contained 10 ml of a 50 mlAL Tris HCl buffer solution pH 7.4, containing KCl (0.154 M), MgC12 (5 mM), glucose (10 mM), NAD+ (1 mM) and 17.8 X 106 cpm of [1,2-'H]deoxycorticosterone previously dissolved in 0.1 ml of propylene glycol. The flask was immediately immersed in an agitated water bath at 37CC with air as the gas phase. Incubation was carried out for 7 min. The reaction was stopped by pouring the mixture into 50 ml of cold ether containing 0.948 mg of unlabeled androsta4,16-dien-3-one. The aqueous phase was reextracted two additional times with ether and the combined organic extracts were evaporated under reduced pressure. The residue was partitioned between ligroin A (150 ml) and water (75 ml). The material obtained from the organic phase contained 39.3% of the radioactivity and weighed 73.3 mg. It was purified by chromatography on 10 g of alumina using ligroin and mixtures of ligroin and ether as eluents. The carrier dienone was eluted by ligroin-ether 4:1. The compound was further purified by two TLC chromatograms, first on Silica Gel GF (20 X 20 cm plate) and subsequently on a AgNO3-impregnated plate. The recovered dienone (41% as determined by its absorbance at 240 nm'2) contained 3340 cpm of 'H which corresponds to a yield of 0.046%. The dienone was further diluted with 6.35 mg of the carrier and its semicarbazone was prepared by heating for 3.5 hr at reflux temperature in 6 ml of 90% ethanol containing 100 mg of semicarbazide hydrochloride and 150 mg of sodium acetate. The derivative, obtained by concentration of the solution, melted at 202-204'C. It was recrystallized four times from dilute ethanol and the specific activities of the products were: (1) 381 cpm/mg, (2) 370 cpm/mg, (3) 387 cpm/mg, and (4) 379 cpm/mg.
A similar yield of the dienone was obtained in a duplicate experiment. The semicarbazone from this was recrystallized three times and the products had the following specific activities: (1) 1040 cpm/mg, (2) 1010 cpm/mg, (3) 1050 cpm/mg. The specific activity of the residue remaining in the mother liquor from the last recrystallization was 1010 cpm/mg. Carrier dienone, reisolated from a control incubation of [1,2-'H]deoxycorticosterone (9.9 X 106 cpm) with boiled testis tissue (10 g) was found to be devoid of radioactivity.
Discussion. In this paper, evidence has been presented that indicates that C-21-alkoxy radicals, or more precisely perhaps, a reactive species that behaves like such radicals, are the precursors of the naturally-occurring C19-Al6-compounds, such as androsta-4,16-dien-3-one. The evidence is derived from artificial model experiments which used deoxycorticosterone as a progenitor of the C-21-alkoxy radical and lead tetraacetate as a hydrogen-abstracting reagent. It also comes from a "biological" study in which extracts of boar testis tissue served as a source of the enzyme system necessary to convert deoxycorticosterone into androsta-4,16-dien-3-one. This tissue, which previously had been shown to form A'6-compounds from pregnenolone and progesterone in vitro, presumably contains an enzyme which can abstract a hydrogen atom from the C-21-hydroxyl group of deoxycorticosterone, thus producing a C-21-alkoxy radical which then rearranges and fragments in the manner outlined in Fig. 2 . These results would seem to have some relationship to in vivo processes because testicular cells have been shown to contain the enzymes necessary to oxygenate progesterone at C-21 and to convert it into deoxycorticosterone."8
The presumption is, therefore, that testicular extracts can cause molecular oxygen to react with the C-21-methyl group of pregnane derivatives, forming a free-radical species that resembles an alkoxy radical (Fig. 2) . This radical either can abstract a hydrogen atom from some cellular constituent to form the C-21-hydroxymethyl (-CH20H) compound (which, in the case of progesterone, is deoxycorticosterone) or it can follow the course suggested in Fig. 2 and fragment to yield the C19-A 6-compound. The involvement of steroidal free radicals in the process of hydroxylation of steroids was first proposed in 1953, 39 although no evidence for their existence was presented at that time. It is, of course, reasonable to invoke radical mechanisms for a reaction in which one of the participants is molecular oxygen, a diradical, the reactive species of which has been postulated to be the anion radical 02-. 40 Consequently, our results appear to bear not only on the character of the proximal precursors of the naturally-occurring 16-ene-compounds but they also provide circumstantial evidence for the hypothesis that free radical-like species are among the intermediates formed when steroids interact with molecular oxygen in the presence of the appropriate enzyme system. The oxygenating species can attack the steroid molecule at carbon atoms 11, 17, 21, 18, 19, 20, or 22 (as well as at other positions), the specificity being determined either by the cytochrome P450 with which the oxygen anion radical is probably associated, or by the prior intervention of another enzyme (an abstractase) which can abstract a hydrogen atom from a given position on the steroid molecule. If the latter were true, a transient alkyl radical, R3C., would result and this species would be oxygenated. The hypothetical alkoxy radical formed at each carbon atom can be expected to behave in a variety of ways characteristic of such radicals: hydrogen addition (as in the process of hydroxylation), carbon-carbon bond fission (,3-scission, as in the fragmentation of 20a-hydroxycholesterol into pregnenolonel), rearrangement (as in the 1,5-hydrogen shift reported in this paper) or perhaps in other known but as yet biologically undocumented ways (for example, carbon-hydrogen bond fission yielding aldehydes or olefins, reaction with other radicals, or disproportionation).
Obviously, if radical intermediates are, in fact, involved in the biotransformations of steroids, there is reason to believe that analogous species are important for the conversions of other classes of compounds.
